interaction is central to an understanding of the strucsolution structure of a 120 residue polypeptide repretural basis for discrimination between potential partners senting a typical pair of such domains, fused at their and, therefore, to attempts to improve hybrid PKSs. respective C and N termini: it adopts a stable dimeric However, it has not been obvious how to study this structure which reveals the detailed role of these (preinteraction directly, because PKS multienzymes bind dominantly helical) domains in docking and dimerizaeven their correct partners weakly, at least in vitro [6, tion by modular polyketide synthases. of the ACP domain, Figure 2A ) and a further conserved
aggregation of Dock 2-3, when the protein was present at an approximately 20-fold higher concentration. CircuThe docking domain polypeptides were cloned into pGEX4T-3 for expression as C-terminal translational fular dichroism analysis of Dock 2-3 showed that it was highly ␣-helical in character, and stable to thermal denasions with glutathione S-transferase (GST). Domain boundaries were chosen to include regions from the end turation (T m is 56ЊC). This evidence that Dock 2-3 had a well-folded homodimeric structure encouraged us to of the highly conserved ACP domain of the upstream module to the start of the highly conserved KS domain investigate its solution structure by NMR. of the downstream module. The six docking domain constructs were expressed in E. coli and purified by Analysis of Dock 2-3 by NMR In [ 1 H,
15
N]-HSQC spectra of Dock 2-3 each residue conaffinity chromatography using glutathione agarose.
All six GST-fused proteins were obtained in good tributes a single resonance, suggesting that the dimeric assembly is symmetrical with a 2-fold rotational axis. yield, but thrombolytic cleavage to remove GST revealed that unpartnered docking domains were generally more Elements of secondary structure were identified using H ␣ , C ␣ , C ␤ , and CЈ chemical shifts and patterns of short sensitive to proteolytic degradation than their fused "CϩN" docking domain counterparts. For example, and medium range nuclear Overhauser effects (NOEs). Consistent with sequence-based predictions (Figure 2 ) when the unpartnered C terminus of DEBS 2 was cleaved from GST, it was cut at an internal site 23 residues from residues 1-80, which mimic the C terminus of DEBS 2, contain three ␣ helices (1: residues 11-24; 2: 31-49; and the end to give a protein of 5.9 kDa (mass determined by liquid chromatography/mass spectrometry) instead 3: 64-75), while residues 83-120, which mimic the DEBS 3 N terminus, contain a single longer ␣ helix (4: residues of the expected 8.5 kDa ( Figure 3A) . However, when the C terminus of DEBS 2 is fused to the N terminus of DEBS 89-115). A 13 C-separated NOESY experiment revealed numerous long-range NOE connections between heli-3, this site is protected and the protein can be isolated intact ( Figure 3B ). At this stage, we selected the fused ces 1 and 2 (group A) and between helices 3 and 4 (group B), but no contacts between these two groups. docking domains of DEBS 2 and 3 (termed Dock 2-3) for further study ( Figures 1B and 1C) because Dock The
N relaxation properties of backbone amide sites demonstrated that the linker between helices 2 and 3 2-3 was the most stable protein under the thrombolytic conditions. Dock 2-3 was purified to homogeneity using is highly dynamic and that the apparent overall rotational correlation times of residues in the two groups differ anion exchange chromatography followed by gel filtration. significantly (10.1 Ϯ 0.7 ns for group A; 11.9 Ϯ 0.7 ns for group B, data not shown). These results indicate that Analytical ultracentrifugation at equilibrium yielded a molecular weight for Dock 2-3 of 29,920 Da (calculated: Dock 2-3 consists of two dimeric structured domains (A and B) that undergo independent rotational diffusion 26,740 Da) [6] . Although this value indicates the pres- charged (E or D) and that position 16 is usually occupied by R; in most cases, a salt bridge is not predicted to occur between residues 22 and 47Ј. These observations tacting both helices 4 and 4Ј and forming a parallel fourhelix bundle; a similar topology is seen in the Myc family imply that the hydrophobic interactions are the most significant for dimerization. of basic/helix-loop-helix/zipper transcription factor di- No evidence was adduced for homodimerization of the is usually hydrophobic (A or V) and 101 is generally T. These hydrophobic interactions therefore seem to be a docking elements. Our structure, however, reveals that eight helices are required and that the docking domains shared component in the docking between modules in many different PKSs.
clearly also play a role in stabilizing the dimeric PKS structure [6] . The authors also proposed, on the basis In addition to the hydrophobic interface, two partially buried salt bridges located at the ends of helices 3 and of their model, that a charged residue should participate in a key docking interaction, but mutation of this site 3Ј may play a role in stabilizing the docking interaction ( Figure 6B ). The first involves D64 on helix 3 which is in had no effect on chain transfer. In fact, the mutated residue corresponds to a surface-exposed site in the A range of K92 on helix 4 (and again for helices 3Ј and 4Ј). The charges of side chains at both sites are highly domain (residue 38) and so is not directly involved in docking. The experimentally determined structure of the conserved in this group of docking domains (Figure 2) .
The second specific interaction is between the side DEBS Dock 2-3 protein presented here should provide a clearer basis for interpreting future mutagenesis and chains of amino acids 73 and 105. In the case of DEBS, this salt bridge appears to play a critical role in discrimi-
engineering experiments that aim to analyze (and opti- 
